This work analyzes the influence of the pH on the physical-chemical properties of calciumdeficient hydroxyapatite synthesized by the sol-gel method. The pH evolution in the course of the synthesis was followed during the drop-by-drop adding of the calcium source to the phosphorus source, for different drip rates. The structural, morphological, and textural characterizations demonstrate that increasing the drip rate up to values of 10 μl•s À1 increases the crystallite size and the specific surface area, while the chemical and optical characterizations show that higher drip rates also increase the calcium and oxygen vacancies, related to an increase in the energy of the optical band gap. However, for the sample synthesized at a drip rate of 17 μl•s À1 , the conjunction of higher calcium and oxygen vacancies has an opposite effect in the optical properties, in comparison to the observations in the synthesized samples at lower drip rates. Finally, the thermal characterization shows that, for all cases, the thermal diffusivity values agree with the reported values elsewhere.
Introduction
There are many chemical routes for the synthesis of hydroxyapatite and hydroxyapatite compounds, such as biomimetic methods, co-precipitation, and sol-gel methods, among others [1] [2] [3] . It is well known that the characteristics of the synthesis methodology have great influence on the structure, morphology, and chemical composition, as well on the mechanical, thermal, and optical properties of the resultant product. Particularly in the sol-gel synthesis of hydroxyapatite (at normal temperature and pressure conditions), the evolution of the values of the pH during the synthesis strongly affects the final structure and stoichiometry, frequently by promoting the presence of calcium vacancies, crystalline defects, and impurities in the hydroxyapatite structure, modifying the physical-chemical properties of it. While for some applications (e.g., bone replacement and development of bioactive coatings), the presence of high levels of calcium and oxygen deficiencies are undesirable, for other applications such as development luminescent probes and photocatalysts, it are well received and even propitiated [4, 5] . In the year 2006, Degirmenbasi et al. [6] reported a simple sol-gel methodology to obtain stoichiometric hydroxyapatite, by adding drop-by-drop calcium nitrite aqueous solution to sodium phosphate aqueous solution, under mechanical stirring and adjusting the pH at 10, adding sodium hydroxide to the mixture, as needed. Modifying the Degirmenbasi methodology by using a specific amount of sodium hydroxide for the synthesis, Jiménez-Flores et al. [7] reported significant differences in the crystallite size and crystalline fraction, morphology, and thermal properties between samples of calcium-deficient hydroxyapatite, synthesized by using different drip rates and stirring methods (in this case, mechanical and ultrasonic-assisted). In the aforementioned work [7] , the observed differences between the synthesized samples were related to an increase in the internal energy during the synthesis-due to the different drip rates and the stirring methods. However, it is also possible that the different drip rates have caused fluctuations in the pH values, affecting the kinetics and the efficiency of the chemical reaction. To clarify the effect of the drip rate in the synthesis of hydroxyapatite, we propose to monitor the evolution of pH during the sol-gel synthesis, comparing the structural, physical, and chemical characteristics of the samples synthesized under different drip rates.
Synthesis of calcium-deficient hydroxyapatite
For the sol-gel synthesis of calcium-deficient hydroxyapatite (CDHA), 80 ml of tetra hydrated calcium nitrate (Ca(NO 3 ) 2 •4H 2 O), 48 ml of sodium phosphate (Na 3 PO 4 ), and 16 ml of sodium hydroxide (NaOH) aqueous solutions, at 0.1 M, were prepared at room temperature (25 C) . All the chemical compounds were purchased from Sigma-Aldrich.
Synthesis procedure
The NaOH aqueous solution was incorporated to the Ca(NO 3 ) 2 •4H 2 O solution and stirred during 30 min to obtain a heterogeneous mixture, as the calcium source. This mixture was then added, drop-by-drop, to the aqueous solution of Na 3 PO 4 under continuous stirring at 25 C. During this first stage of the synthesis ( Figure 1 , framed inset), the condensation and gelation of the sol particles take place. To eliminate the solvent (DI water, in this case), the obtained gel is filtered and dried, resulting into a xerogel with the appearance of small brittle glasses. Finally, such glasses were mechanically pulverized obtaining powdered samples of the synthesized compounds. In Figure 1 , a schematic draw of the CDHA synthesis is shown.
For the purposes of the present work, four different drip rates were used for the CDHA synthesis (see Table 1 ), considering that 20 drops are equivalent to 1 ml.
For each sample, the evolution of the pH during the first stage of the synthesis was followed, making a comparison between the samples during the incorporation of the first 63 ml of the calcium source into the Na 3 PO 4 solution. The results are presented in Figure 2 . In all cases, the pH values decrease monotonically in time as it was expected; however, the samples exhibit different distinctive features. The shape of drip time vs. pH plots of CDHA_A and CDHA_C samples is quite similar, showing a linear region at the drip beginning (Figure 2 (a) and (c)), where the pH decreases at rates of 52.2 Â 10 À6 and 80.8 Â 10 À6 s À1 , respectively. After the linear region, the pH values fall down rapidly changing its concavity, approximately at 2/3 of the drip time for both samples.
On the other hand, the pH values during the synthesis of the CDHA_B sample show a larger linear region than the CDHA_A and CDHA_C samples (Figure 2(b) ), with a slope of 116.2 Â 10 À6 s À1 ; nevertheless, a small concavity change occurs just at the end of the drip time. Contrary to the previous samples, the drip time vs. pH plot of CDHA_D sample (Figure 2(d) ) shows that the pH values decrease at a constant rate of 126.3 Â 10 À6 s À1 . Finally, it is not worthless to mention that the final pH values (i.e., at the very end of the synthesis of each sample) were 10.04, 11.6, 11.7, and 11.86 for CDHA_A, CDHA_B, CDHA_C, and CDHA_D samples, respectively. This is an important issue to remark, since other authors report that the best conditions for the sol-gel synthesis of stoichiometric hydroxyapatite consider a pH = 10 [6, 8] . , the X-ray diffraction pattern was obtained for all samples. The standard corundum powder pattern was used to determine the instrumental width, β inst =0.047
.InFigure 3, the diffraction patterns are displayed identifying the peaks corresponding to the diffraction planes (100), (200), (002), (210), (320), and (004).
The X-ray diffraction patterns agree well (with figure of merit up to 0.9, in all cases) with the ICDD crystallographic chart no. 00-009-0432 (from the International Centre for Diffraction Data database), corresponding to the synthetic hydroxyapatite-with chemical formula, Ca 5 (PO 4 ) 3 (OH). For the analysis of the diffraction patterns, the principal observed diffraction peaks were considered to calculate the average crystallite size D, by means of the Scherrer equation (Eq. (1)), while the Bragg Law (Eq. (2)) was used for the determination of the unitary cell parameters {c, a}. In such calculations, the corrected peak width β c =(
has been used: In Eq. (2), a hexagonal 6/m-dipyramidal crystal symmetry was considered: being h, k, and l the Miller indexes of the diffraction plane (h, k, l). The results of the analysis has been summarized in Table 2 , including a comparison with the reported values of unitary cell parameters for stoichiometric hydroxyapatite (c = 6.8745 Å, a = 9.4166 Å) [9] .
Although no significant differences were found in the values of the parameters of the unitary cell, a monotonic increase in the crystallite size is observed, as function of the drip rate. The surface morphology of the samples was studied through their corresponding micrographs, taken by a scanning electron microscope, SEM (JEOL, JSM-6390LV), employing an accelerating voltage of 20 kV and a magnification of 20,000Â (see Figure 4) . 
Powder Technology
The SEM images show that increasing the drip rate has a discernible effect on the surface morphology of the glasses, previously to the mechanical powdering of them. The sample CDHA_A shows the most irregular surface of all (Figure 4(a) ), small pores being discernible on it, while the sample CDHA_B presents a much more planar surface (Figure 4 (b)) with (in appearance) larger pores on it. On the other hand, sample CDHA_C shows a less planar but smoother surface (Figure 4(c) ) and, at least in appearance, a homogenous distribution of small pores on the surface. The case of CDHA_D presents a compact and granulated surface (Figure 4(d) ), but still small pores are perceived.
Textural properties
In order to determine the textural properties of the synthesized samples, the adsorption isotherms for 100 mg of powdered samples were obtained (see Figure 5 ) employing a Quantachrome NOVA4200e equipment, using N 2 as adsorbate. The measurement temperature was kept at À196 C, using liquid nitrogen as coolant.
From the adsorption isotherms, the specific surface area was determined by the BrunauerEmmet-Teller (BET) method, while the Barrett-Joyner-Halenda (BJH) method was for the determination of the pore size diameter [10, 11] . The textural properties of the samples have Sol Table 3 . From their shape, the isotherms shown in Figure 5 can be classified as type V isotherm, which indicates unrestricted multilayer adsorption, characteristic of mesoporous materials. The shape of the hysteresis loops is indicative of ink-bottle-shaped pores, associated to poor network connectivity effects [12] .
The textural properties agrees well with the SEM observations, correcting the initial visual impression on the pore size on the surface of the samples. With the exception of the CDHA_A sample, the pore radius size, as well as the total pore volume, decreases with increasing drip rate.
Chemical characterization 4.1. Elemental chemical composition
The elemental chemical composition was determined using an energy-dispersive X-ray spectroscopy (EDS) system, integrated to the SEM equipment, which employs a Si-Li detector (Oxford Pentafet, mod. 7582). From the EDS spectra recorded for energies ranging 0.12-12 keV, the elemental quantification, as well as the Ca/P and the (Ca + O)/P ratios, has been determined and summarized in Table 4 .
The results of the elemental quantification by EDS, together with the pH behavior during the synthesis, are indicative that the mass flow (controlled through the drip rate) significantly affects the reaction kinetics during the formation of hydroxyapatite, influencing the efficiency of ion exchange, promoting calcium and oxygen vacancies. The values of carbon content in the samples are consistent with the observed surface morphology and textural properties at different drip rates, suggesting the hypothesis that the presence of carbon in the samples could be due to the absorption of atmospheric CO 2 . 
Functional groups detected
For the identification of the functional groups present in samples, the diffuse reflectance spectra were obtained using a FTIR spectrophotometer (Shimadzu, IR Affinity-1S), operating in the attenuated total reflection mode, and the spectroscopic wave number ranging 4000 cm
.Atnext (Figure 6 ), the FTIR spectra are displayed identifying the detected signals.
The signals centered at 958 and 1018 cm À1 are typical of asymmetric stretching of PdO bond of the PO 4 À3 functional group, while the signal at 875 cm À1 corresponds also to the PdO asymmetric stretch but for the HPO 4 À2 functional group. The signals in the neighborhood of 1408 and 1460 cm À1 correspond to stretching of the CdO bond, proper of the inorganic carbonate group. Finally, the signals at 2121 and 1988 cm À1 are related to the symmetrical stretching of the HdP bond in the HPO 4 À2 functional group. These results agree with the EDS elemental quantification and the X-ray diffraction patterns, confirming the formation of calcium-deficient hydroxyapatite. In addition, the presence of carbonate signals supports the hypothesis that the carbon content is due to the atmospheric CO 2 absorbed during the synthesis.
Optical properties
To investigate on the optical properties of the CDHA samples (particularly the optical band gap), two experimental techniques were employed here: the UV-Vis spectroscopy and the photoacoustic spectroscopy (PAS) techniques. The UV-Vis technique provides the diffuse reflectance, characterized by the Kubelka-Munk function F(R), as function of the wavelength (equivalent to the photon energy) of the excitation beam. Since the F(R) function depends linearly on the ratio between the optical absorption and the scattering coefficients, an empirical estimation of the band gap, E g , is possible by extrapolation of the linear region of the Tauc plots [13] . However, the UV-Vis technique is quite sensitive to light scattering effects, so, an over estimation of E g value is frequent. On the other hand, the PAS technique directly provides the optical absorption spectra, being less disturbed by light scattering effects than other optical spectroscopic techniques, because the PAS signal is generated only by the internal heat diffusion in the sample, as result by the optical absorption and the non-radiative thermal relaxation mechanisms [14, 15] .
UV-Vis diffuse reflectance spectra
AU V -Vis spectrophotometer (Agilent, mod. Cary-100) was employed to measure the F(R) spectrum of the synthesized samples, ranging the wavelength from 200 nm ≤ λ ≤ 250 nm, correcting the obtained spectrums by measuring the background signal. In Figure 7 , the Tauc plots, from the F(R) values, are exhibited considering the samples as indirect band gap materials. 
PAS absorption spectra
To record the absorption spectra of the samples, a homemade PAS measurement system was used for such goal, for a wavelength ranging 206 nm ≤ λ ≤ 288 nm and for a modulation frequency f = 17 Hz. A schematic drawing of the experimental setup is presented as follows (Figure 8) .
The continuous beam, emitted by the 200 W Hg Arc lamp (Newport, Mod. 66,483) optimized for UV, passes through a monochromator (Newport, mod. Cornerstone 130 1/8 m) to obtain a quasi-monochromatic excitation beam. The continuous excitation beam was then modulated by a mechanical chopper (Stanford Research Systems, mod. SR-540), impinging into the optical window of the PAS measurement cell (MTEC, mod. 300). The PAS signal (S, Δϕ) was then filtered and amplified by a lock-in amplifier (Stanford Research Systems, mod. SR 830), using the modulation frequency as reference, to be storage for its further analysis. From the absorption spectra, the Tauc plots of the samples were constructed for the empirical determination of the optical band gap energies ( Figure 9 ).
The optical band gap calculations, from UV-Vis and PAS measurements, are reported in Table 5 , for purposes of comparison between techniques.
As can be seen from the above results, as the drip rate gets higher, the energy band gap also increases, with the one exception of the CDHA_D, and as it was expected, there is an overestimation on the optical band gap calculations from UV-Vis data. Nevertheless, in both cases (and for all samples) the empirical determination of E g agrees with the reported values for hydroxyapatite from UV-Vis measurements and density functional theory (DFT) calculations [16, 17] . Using atomistic calculations, Santos and Rezende [18] conclude that the formation of the most probable defects in hydroxyapatite always involves calcium and oxygen vacancies, in agreement to the DFT calculations reported by de Leeuw et al. [19] and de Leeuw [20] . Based on the previous works in the EDS quantification, the increasing of the E g is Figure 8 . PAS measurement system. Here, S and Δϕ are the amplitude and the phase shift of the PAS signal, respectively.
explained as an effect mostly due to a higher levels of calcium and oxygen (in the OH sites) vacancies, as the drip rate increases from 5 to 10 μl•s
À1
. For a higher drip rate (i.e., 17 μl•s
), it is possible that the oxygen vacancies occur at the phosphate sites as well at the OH sites. In such case, the DFT calculations predict the existence of energy levels inside the forbidden band, which explains why the band gap energy decreases for the CDHA_D sample. 
Thermal properties
For the determination of the thermal response of the samples, a homemade photoacoustic detection (PA) measurement system was employed, for a modulation frequency ranging 400 Hz ≤ f ≤ 4 kHz. The experimental setup is similar to the PAS measurement system but replacing the Hg arc lamp and the monochromator by a 405 nm laser diode (controlled by a TTL signal), as is shown in Figure 10 .
The excitation beam wavelength was chosen to avoid the contribution of the photogenerated charge carriers to the PA signal. To perform the PA measurements in the transmission configuration [21, 22] , pills of powdered samples were obtained by compacting 100 mg of powdered sample. Considering the samples as optically opaque and thermally thick, the PA signal will depend on the modulation frequency as indicated by Eq. (3):
In Eq. (3), A 0 is an instrumental constant, f c is the so-called characteristic frequency of the sample, and α s and l s are the thermal diffusivity and thickness of the sample, respectively. For modulation frequencies where Eq. (3) is applicable, α s can be calculated from the slope of the linear region in the semi-logarithmic f 1/2 vs. f•S plot ( Figure 11) . The results obtained have been summarized in Table 6 .
Although the values of the thermal diffusivities agree with the reported values for hydroxyapatite [7, 23, 24] , there is no clear correlation with the synthesis drip rate nor the stoichiometry of the samples. This is because the different levels of compaction of the sample's pills affect the effective thermal properties. The nonlinear behavior at low modulation frequencies is Figure 10 . PA measurement system. Here, S and Δϕ are the amplitude and the phase shift of the PA signal, respectively.
indicative of a transition between thermal regimes. For larger modulations frequencies, the signal-to-noise ratio becomes too small (especially for CDHA_D sample) to obtain reliable data. The previous results must be corroborated by other photothermal techniques, such as IR photothermal radiometry or lock-in thermography [25, 26] .
Conclusions
The sol-gel synthesis of calcium-deficient hydroxyapatite was successfully achieved, for four different drip rates during synthesis procedures, describing the distinctive features of the pH evolution, for each case. For the samples synthesized at drip rate values of 5, 8, 10, and Table 6 . Thermal diffusivity of the samples.
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À1
, the structural, morphological, and textural characterizations show that the pore radius size and the total pore volume tend to decrease for a drip rate up to 5 μl•s
, contrary to the crystallite size, which decreases for all samples as the drip rate increases. The chemical characterizations demonstrate that increasing the drip rate promotes the presence of calcium and oxygen vacancies in the hydroxyapatite structure. From the diffuse reflectance and absorbance spectra, the energy band gap of the samples increases as the drip rate does, with the exception of the sample synthesized at 17 μl•s
, possible due to a combination of a larger presence of oxygen vacancies on the phosphate sites and calcium vacancies. The results of the thermal characterization allowed determining the effective thermal diffusivity of the samples, obtaining values that agree well with those reported in the literature. However, it was not possible to establish a clear correlation between the effective thermal properties and the values of the drip rate used during the synthesis. Finally, the drip rate in the hydroxyapatite sol-gel synthesis clearly governs the pH during synthesis and, therefore, has a major impact in the physical-chemical properties of the hydroxyapatite.
